Electroexcitation of the Roper resonance 
in relativistic quark models 
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The amplitudes of the transition 7*iV — > Pi i (1440) are calculated within light-front relativistic 
quark model assuming that the Pn(1440) is the first radial excitation of the 3q ground state. The 
results are presented along with the predictions obtained in other relativistic quark models. In 
comparison with the previous calculations, we have extended the range of Q 2 up to 4.5 GeV 2 
to cover the kinematic interval of the forthcoming experimental data. Using approach based on 
PCAC, we have checked the relative sign between quark model predictions for the TV and Pn(1440) 
contributions to the ir electroproduction found in previous investigations. 
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I. INTRODUCTION 

The amplitudes of the electroexcitation of the Roper 
resonance on proton are expected to be obtained from 
the CLAS 7T+ electroproduction data at 1.7 < Q 2 < 
4.2 GeV 2 . There are already results [l[ extracted 
from the preliminary data 0, Qi and the final results 
will be available soon. The results at 1.7 < Q 2 < 
4.2 GeV 2 combined with the previous CLAS data at 
Q 2 = 0.4, 0.65 GeV 2 [HEH and with the information at 
Q 2 = 171 will give us knowledge of the Q 2 evolution of 
the Pi i (1440) electroexcitation in wide Q 2 region. This 
information can be very important for understanding of 
the nature of the Roper resonance which has been the 
subject of discussions since its discovery Q, because the 
simplest and most natural assumption that this is a first 
radial excitation of the 3q ground state led to the diffi- 
culties in the description of the mass of the resonance. 

To use the information on the the electroexcitation of 
the Roper resonance, it is important to understand the 
quark model predictions for the Q 2 evolution of the tran- 
sition 7*iV — * Pn(1440). It is known that with increas- 
ing Q 2 , when the momentum transfer becomes larger 
than the masses of the constituent quarks, a relativis- 
tic treatment of the electromagnetic excitations, which 
is important already at Q 2 = 0, becomes crucial. The 
consistent way to realize the relativistic treatment of the 
7* TV — > N* transitions is to consider them in the light- 
front (LF) dynamics [EEEElI- Within this framework, 
one can set up an impulse approximation and avoid dif- 
ficulties caused by different momenta of initial and final 
hadrons in the 7* TV —> N* transition. 

For the 1 (1440) , the LF calculations have been real- 
ized in Refs. [H EE EI EE EB]. However, quantitatively 
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the obtained results differ from each other and there are 
inconsistencies in the signs of the amplitudes presented in 
Refs. [HI, EE EiL EH EB] ■ In particular, the relative sign 
between the NNir and Pn(1440)A r 7T amplitudes, which 
is necessary for comparison of quark-model predictions 
for the 7*7V — * Pn(1440) amplitudes with experimental 
data, was found and taken into account only in Ref. [l3| , 
where for this purpose the 3 Pq model of Ref. [I?) was 
used. 

For this reason, we found it important to perform cal- 
culations of the 7*iV — * Pn(1440) amplitudes in the LF 
relativistic quark model, and also to check the relative 
sign between the NNir and Pn(1440)7V7r amplitudes, us- 
ing a different approach. We will present and discuss the 
results of all relativistic quark models. All results will be 
given within a unified definition of the 7*A^ — > Pi 1 (1440) 
hclicity amplitudes. 

We will find the relative sign between the NNir and 
Pn (1440)iV7r amplitudes by using the hypothesis of par- 
tially conserved axial-vector current (PCAC) in the way 
used in Ref. [l|| for the description of the hadron — > 
hadron+ir transitions. This method was previously used 
in Ref. [l!| for evaluation of the relative signs between 
the NNir and N*Nir amplitudes for the resonances of the 
multiplet [70, l - ]. Using an approach based on PCAC we 
have confirmed the sign obtained in Ref. T3|. 

In Sec. II we will specify definitions of the 7*p — > 
Pi 1 (1440) helicity amplitudes in quark models and will 
give relations between these amplitudes and the ampli- 
tudes extracted from experimental data. In Sec. Ill the 
formulas for the — ► Pn(1440) amplitudes obtained in 
the LF relativistic quark model of Ref. [20| will be given. 
The relative sign between the NNir and Pii(1440)7V7r 
amplitudes will be found in Sec. IV. The results of nu- 
merical calculations of the -f*p — > Pn(1440) amplitudes 
will be presented and discussed in Sec. V along with the 
results obtained in Refs. [H El, El, HE EH • 

summary 

will be done in Sec. VI. 
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II. DEFINITIONS OF THE 7 *iV -> P u (1440) 
HELICITY AMPLITUDES 



The relations between the 7*p — ► Pn(1440) helicity 
amplitudes extracted from tt electroproduction data and 
the Pn(1440) contribution to the 7*P — > tt-^V multipole 
amplitudes have the following form [H : 



used hj,ll3|,l21: 



A 1/2 = aImM^_(W = M), 
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—plmS^W = M), 
v2 
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K m p nN 

/* o 
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(1) 
(2) 

(3) 

(4) 
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Here T and M are the total width and mass of the res- 
onance, [3 n N is its branching ratio to ttN channel, m is 
the mass of the nucleon, K = (M 2 — m 2 )/2M, is the 
center of mass momentum of the pion at the resonance 
position. 

The helicity amplitudes defined through Eqs. (1-5) in- 
clude the relative sign between gNN-n and gnN n coupling 
constants that determine the relative contributions of the 
Born term and the Pn(1440) to the reaction j*N — > ttN. 

In Refs. El El EH and in this work > the q uark 
model predictions for the transition 7*iV — > Pn(1440) 
are found in terms of form factors that enter the matrix 
element of the transition current. Following Ref. [II], we 
dehne this matrix element in the following form: 



< N*\J^\N >= eu(P*)i>(P), (6) 
IV = {q 2 l„ - (?t)«m) f i(Q 2 ) + i^»q u F*(Q 2 ). (7) 



Helicity amplitudes of the -f*p — > Pn(1440) transition 
e related to the form factors P 1 * p (Q 2 ) and F 2p (Q 2 ) by: 

A\ /2 = c [-Q 2 F? p (Q 2 ) + (M + m)P 2 * p (Q 2 )] , (8) 
[(M + m)P 1 * p (g 2 )+P 2 * p (Q 2 )], (9) 



°l/2 



V2 



Q 2 +(M-m) 2 



MraK 



where a = e 2 /An = 1/137. 

The expressions for the helicity amplitudes A^ 2 , S^ 2 
in Refs. pi, GJ,E1 coincide with Eqs. (8,9). In Ref. 0, 
the formulas for both amplitudes contain inaccuracies in 
the coefficients that we have corrected in the results from 
that work presented below. 

In quark model calculations another definition of 
the 7*iV — > Pn(1440) helicity amplitudes through the 
7*7V — * N* transition current matrix elements also is 
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A l/2 = b < N * + > S * = 2 l Je ^ S * = - 2 >' (10) 
,^<JV*+ S; = i|Je|p,5, = i>,(ll) 



1/2 
'l/2 



27TQ! 



A' 



1/2 



Here it is supposed that the virtual photon moves along 
the z-axis in the N* rest frame and its 3-momentum is 
q* ms ,P*=P + q, Q 2 ^-q 2 . 

The helicity amplitudes Af^ 2 , ^1/2 f oun d in different 
works can not be directly compared with each other and 
with amplitudes extracted from experimental data for the 
following reasons: 

(i) The signs of the amplitudes A^ 2 , S^ 2 in quark 

models depend on the sign of the Pn(1440) wave func- 
tion, which is different in different works. Let us define 
the Pn(1440) wave function in the nonrelativistic ap- 
proximation in the form: 



a 2 )^ N , 



(12) 



where (i = 1,2,3) are the quark three-momenta in 
the center-of-mass system and a is the parameter that 
depends on interquark forces. With this definition, the 
wave functions of Refs. [H El El El] and Ref. [3 
correspond to £ = + and — , respectively. Our definition 
of the sign of the Pn (1440) wave function used below 
coincides with that in Ref. [13j |. 

(ii) The amplitudes A^, 2 , S^, 2 found in quark mod- 
els through relations (8-11) are related to the amplitudes 
A1/2, Si/ 2 extracted from experimental data using defi- 
nitions (1-5) in the following way 



A1/2 = -£,rA\ /2 , S1/2 = — £r5* 



/2- 



(13) 



Here £r is the relative sign between gNNir and gRN-K 
coupling constants, which also depends on £. The sign 
C, drops out from the amplitudes A 1 / 2l 5*1/21 there- 
fore, these amplitudes do not depend on the sign of the 
Pn(1440) wave function. 

In the previous investigations, the sign £b has been 
found and taken into account only in Ref. [131 ] , where it 
was obtained that £r = We have obtained the same 
sign in this work u sing a different approach. 

In Refs. [H El El EB]j only the results for the am- 
plitudes Ay 2 , Sy 2 are given. Corresponding results for 
the amplitudes Ai/ 2 , S1/2 we will present using the sign 
£r found in this work and in Ref. 



III. THE 7 *p -> Pu(1440) AMPLITUDES IN THE 
RELATIVISTIC QUARK MODEL 

The calculations of the ^y*N — > Pn(1440) amplitudes 
we have performed in the relativistic quark model of Ref. 
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|20|, constructed for radiative transitions of hadrons in 
the infinite momentum frame (IMF), where 

P II 2, P -> oo, 



(14) 



M 2 



M 2 



4P 



4P 



Here P is the momentum of the initial hadron and q 
is the photon momentum, Q 2 — q 2 ^. Such approach is 
analogous to the LF calculations @ EH EH H EH E3, 
El, Elf- The derivation of the formulas for the transition 



7*iV(f + ) 



, ) are presented in detail in Ref. [24|, 
where the model of Ref. was used for investigation 
of the Q 2 evolution of the nucleon form factors. Here we 
will give final expressions for the form factors Pi p (Q 2 ), 
F 2p (Q 2 ) th at follow from the results of Ref. H: 

Q 2 F* p (Q 2 ) = J F lp <!> N (M$)$ R (M?)dr, (15) 
QF; p (Q 2 ) = J T 2p ^ N (M 2 )^ R {M' 2 )dT, (16) 

where $at(Mq ) and $_r(Mq 2 ) are radial parts of the nu- 
cleon and Pn(1440) wave functions, Mq and Mq are in- 
variant masses of quarks in the initial and final hadrons. 

Let us parametrize quark momenta in the initial and 
final hadrons by: 



x,P 



(17) 



where i = a,b,c denotes the quarks in the hadrons, and 
we will suppose that the current interacts with the quark 
a. It is convenient to parametrize the variables Xi,k.i± 
and k£j_ in the following way: 
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1 



k t± =K^ --y t Q, k' t± =K l± + - yi Q, (18) 

x a = l-rj, y a = x a -l, K al _ = K ± , 

Xb = (1 - Ub = Xb, K bI _ = k ± + (1 - £)Kj_, 

x c = He = x c , K c± = k ± + £Kj_. 

In terms of the variables k±,T£±,£ i ,rj the phase space 
volume has the form 



4(27r) 6 dr 



e(i-o??(i-??r 

the invariant masses of quarks are equal to 



M 2 {M 12 ) 

vQ 2 



K 



m 2 rj 



?y(l - rj) 
K X Q 



(19) 



(20) 
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and the functions T\ p , T 2v in Eqs. (15) and (16) have 
the form 



r>a / r>b DC 

K ++ [H ++ K_ 



D a D b D c 
R a _ + (R b _ + R c + _ - Rt 



2p 



D a DbD c 



(21) 
(22) 



where 



Ri ± = mM + K? ± - -y 2 Q 2 ± i Vi QK iy , (23) 



P±=f = Ttt^O™* + m' i )Q 



(24) 



+ Xi(M -M^(iK iy TK ix ), 
nii — ra q + M Q Xi, m! i — m q + M^Xi, (25) 
A = [{mj + k 2 ± ){m 2 + kfj] 1 / 2 , (26) 

TTiq is the quark mass, i = a, b, c. 

Under the assumption that Pn(1440) is a radial exci- 
tation of the nucleon considered as the 3q ground state, 
we have defined $r(Mq) in the form: 



$r(M 2 ) = N{(3 2 - M 2 )<S> N (M 2 ). 



(27) 



The parameters N and (3 are determined by the condi- 
tions: 



<f R (M 2 )^ N (M 2 )dT = 0, J <S> 2 N{R) (M 2 )dT = 1. 

_ _ (28) 
As in Refs. [20, [23]' we take the radial part of the 
nucleon wave function in the Gaussian form: Qn(Mq) ~ 
exp(— / 6a 2 HO ) . The only parameters of the approach, 
the quark mass (m q = 0.22 GeV) and the harmonic- 
oscillator parameter {ano = 0.38 GeV), were found in 
Ref. [2(| from the description of the static properties of 
the nucleon. 



IV. THE RELATIVE SIGN BETWEEN THE 

NNn AND Pu(1440)iV7r AMPLITUDES 

In order to find the relative sign between the NNir and 
Pii(1440)7V7r amplitudes, we utilize PCAC in the way 
used in Ref. [l8| for the description of the hadron — > 
hadron + it transitions. PCAC relates the divergence of 
the charged axial- vector current to the pion field: 



(29) 



where f„ — 132 MeV is the tt — > [iv coupling constant. 

In IMF (14), the matrix element of Eq. (29) between 
two spin i particles with momenta Pi and P2 at q± = 
gives: 



f (AT AT \ 12 "7-1 +^2 

Ug(N 1 N 2 Tr) = g A — -j= — , 



(30) 



where 



12 



2P 



< P2, S z = -\J"f i2 \Pi,S z = -> (31) 



and g(N 1 N 2 ir) is the coupling constant in the NiN 2 ir 
vertex: 



(32) 
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According to the results of Ref. |20j|, we have: 

Using Eqs. (30) and (33) one can find the relative sign 
between the NNir and Pn(1440)iV7r coupling constants: 
In the limit when a ho ^ m <?, the ratio of the cou- 
pling constants (31) for the Pn(1440)iV and NN transi- 
tions that follows from Eq. (33) can be found in analyt- 
ical form and is equal to: 



9 N A N 



< 



a 



HO 



(34) 



We have also calculated the ratio (34) numerically for the 
values of the quark mass in the range < m q < m/3 and 
in the wide range of the harmonic oscillator parameter 
which includes the values of ano from Refs. [H, EH, HO] • 
For all these values of m q and ano > we have found the 
same sign as in Eq. (34). So, using approach based on 
PCAC we have obtained that the relative sign between 
NNtt and Pn(l440)Nir coupling constants is eq ual to 
£r = — £• The same sign was obtained in Ref. [l3j using 
3 Po model. 



V. RESULTS 

Our results for the 7*p — > Pn(1440) helicity ampli- 
tudes are presented in Fig . 1 along with the results ob- 
tained in Refs. pj, eh, M EH, m 

and with experimen- 
tal data. The thick lines correspond to the results ob- 
tained in the LF formalism using the plus component of 
the electromagnetic current J + = J° + J 3 in the frame 
where q + = q° + q 3 = 0. These results are more fa- 
vorable, because in this case the contributions of virtual 
qq pairs are eliminated, and the processes 7* A — > N* 
are determined only by the N(N*) — ► 3q vertices (Refs. 
[I EEL Sill). Therefore, the matrix elements of J+ 
in the frame q + = can be presented in analogy with the 
nonrelativistic case through a sum of one-body currents 
for constituent quarks. Let us stress that in such ap- 
proach when we evaluate electromagnetic form factors by 
utilizing only plus component of the electromagnetic cur- 
rent, it is supposed that other components have proper 
behavior in order to fulfill the current conservation. 

The thin dash-dotted lines are the results of Ref. [l5[ 
obtained in the LF formalism; however, in this investi- 
gation transverse component of the electromagnetic cur- 
rent, which can contain contributions of virtual qq pairs, 
is also used. 

The thin solid and dashed lines correspond to the re- 
sults of Ref. [l6[ obtained in the relativistic quark models 
with instant-form and point-form kinematics. 

The results of all quark models presented in Fig. 1 
correspond to the sign £r found in this work and in Ref. 

13]- 

It is important to note that in all approaches [12, QjJ, 
EH EH, Ell and in the approach used in this work, a 



good description of elastic nucleon form factors has been 
obtained. Within the approach of this work, the pro- 
ton and neutron electromagnetic form factors and the 
nucleon axial-vector form factor were described up to 



Q 2 = 4 GeV 2 [24|. The predictions obtained in Ref. [24 1 
are also in reasonable agreement with the experimental 
data obtained later, for example, with the data from Refs. 
[26l [27l ] . A good description of nucleon form factors up 
to Q 2 = 4 GeV 2 was obtained also in Ref. [IB]- In the 
approaches of Refs. [3, EE EH the available data on nu- 
cleon form factors were described up to Q 2 — 10 GeV 2 . 
The approach of Ref. [IH describes these form factors in 
more narrow region of Q 2 : Q 2 < 1.5 GeV 2 . 

In this work and in Refs. [HI, EH, EH] , a simple algebraic 
form for the radial part of the 3q ground state wave func- 
tion is used. In our approach and in Refs. [12l. [13], this 
is a Gaussian form with one parameter: the harmonic- 
oscillator parameter. In Ref. [l6[, the radial part of the 
ground state wave function has powerlike form with two 
parameters. The parameters of all these approaches, ex- 
cept Ref. [l3[ , were found from the description of elastic 
nucleon form factors in the ranges of Q 2 discussed above. 
In Ref. [IB] . th e harmonic-oscillator parameter was taken 
from Ref. [281 ] . were it was found from the description 
of baryon masses in the nonrelativistic approximation. 
This parameter is very close to that used in this work 
and found in Refs. [2(J, HH from the description of the 
nucleon elastic form factors. 

In contrast with the approaches used in this work and 
in Refs. [IB, EH, EH]' the wave functions of Refs. 0, EB] 
were found from the solution of the equation for the light- 
front mass operator with the one-gluon exchange between 
quarks taken in the form used in the relativized quark 
model of Ref. [2i|. However, it turned out that for the 
description of the nucleon form factors with the nucleon 
wave function found in this way, a significant deviation 
from the pointlike constituent quarks should be intro- 
duced. Let us emphasize that in Refs. [H, EH, EH, H3 , 
the nucleon form factors were described with pointlike 
constituent quarks. Another difference with the wave 
functions used in this work and in Refs. [H, EH, EH] is 
the presence of the configuration mixings in the N and 
Pn(1440) wave functions that arise from the one-gluon 
exchange between quarks. 

The values of the quark mass used in this work and in 
Refs. [lH, EH, EH, EH are close to the light-quark mass 
obtained from the description of baryon masses in Ref. 

From Fig. 1, it can be seen that although all ap- 
proaches under consideration give good description of 
nucleon form factors, the predictions for the j*p — > 
Pn(1440) helicity amplitudes are different. As it was 
mentioned above, we consider as more preferable the pre- 
dictions obtained in the LF approaches based on the uti- 
lization of the plus component of the electromagnetic cur- 
rent. These approaches are close to each other, and the 
differences in their predictions are caused mainly by the 
differences in the N and Pn(1440) wave functions. In 
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spite of the differences, the predictions obtained in the 
LF approaches have common features that are in agree- 
ment with existing experimental data: 

• The sign of the transverse amplitude A 1 / 2 at Q 2 = 
is negative. 

• The sign of the longitudinal amplitude Si /2 at small 
Q 2 is positive. 

• All LF approaches predict the change of the sign of 
A1/2 at small Q 2 . The existing experimental data 
show a tendency that is in agreement with such 
sign change. The confirmation of this prediction by 
forthcoming experimental data will be important 
for understanding of the nature of the Pn(1440) 
resonance. 

These predictions are obtained assuming that the A and 
the Pn(1440) resonance are the 3q ground state and the 
first radial excitation of the 3q ground state, respectively. 
The admixtures of other configuration states in the N 
and Pn(1440) taken into account in Refs. 0, [l5| do not 
affect these results. 



VI. SUMMARY 

In this work we have calculated the ^*p — > Pn(1440) 
transition amplitudes in the LF relativistic quark model 
in the range of Q 2 : < Q 2 < 4.5 GeV 2 . 

We have also calculated the relative sign between 
9nnk and gRNir coupling constants which is necessary 
for comparison of quark-model predictions for the 7*p — > 
Pn(1440) amplitudes with those extracted from exper- 
imental data. The relative sign between the NNtt and 
Pn(1440)-/V7r vertices was found by relating these ver- 
tices to the matrix elements of the axial-vector current 
using PCAC. The obtained sign is in agreement with the 
sign found in Ref. [l3| using different approach, namely, 
the 3 P model of Ref. [l7|. 

The obtained Pn(1440) electroexcitation helicity am- 
plitudes are presented along with the results found in 
relativistic quark models of Refs. 0, GJ, HI GJ, \M ■ A11 
results are given using the sign £r found in this work and 
in Ref. [l||. 

All approaches under consideration give good descrip- 
tion of nucleon form factors; however the predictions for 
the 7*p — > Pn(1440) helicity amplitudes are different. 



In Fig. 1, the thick lines present the results obtained 
in the LF approaches using the plus component of the 
electromagnetic current, which we consider as more fa- 
vorable. These approaches are close to each other, and 
the differences in their predictions are caused mainly by 
the differences in the A and Pn(1440) wave functions. 
Nevertheless, there are several features which are com- 
mon for the predictions of all LF approaches. One of 
the features is the nontrivial behavior of the transverse 
amplitude A 1 / 2 connected with the change of the sign of 
A 1 n with increasing Q 2 . The existing experimental data 
cover a very limited region of small Q 2 up to 0.65 GeV 2 
and have a tendency that is in agreement with such be- 
havior. The confirmation of this prediction by forthcom- 
ing experimental data will be very important for under- 
standing of the nature of the Pn(1440) resonance. 

All approaches fail to describe the value of the trans- 
verse amplitude Ax/2 at Q 2 — 0. This can be an in- 
dication on the large pion cloud contribution to the 
7* A — > Pn(1440) transition that is expected to be sig- 
nificant at small Q 2 . When the final data on the helicity 
amplitudes at 1.7 < Q 2 < 4.2 GeV 2 will become avail- 
able, complete simultaneous description of the nucleon 
form factors and the 7* A — > Pn(1440) amplitudes will 
be necessary. Such research will be important to find the 
size of the pion cloud contribution, to specify the form 
of the N and Pn(1440) wave functions, including the 
configuration mixings in these states, to understand the 
role of the quark form factors and anomalous magnetic 
moments, as well the role of other effects, for instance, 
the quark mass dependence on the quark virtualities and 
therefore on Q 2 . 
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